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W!r iTHIN the past three years, die Environmental
Protection Agency and die Agency for Toxic

Substances and Disease Registry have concluded in
policy statements that lead at low doses b a serious
threat to die central nervous systems of infants and
children.1-2 These policy statements have been based
on a growing convergence of results from both epide-
miologic and experimental studies of lead toxkaty in
the United States, Europe, and Australia.** Whether
the effects on die central nervous system of exposure
to low doses of lead diat have been observed in infants
and children persist has received limited
Only three follow-up studies have been published to
date, and die longest follow-up has been five years.*""
No data have yet been reported on whether early dis-
turbances influence functional abilities in later life.

In 1979 we reported that first- and second-grade
children without symptoms of phimbisin, but with
elevated dentin lead levels, had deficits in psychomet-
ric intelligence scores, speech and language urocess-
ing, attention, and classroom performance.' When
they were studied in die fifth grade, die children with
high dentin lead leveb had lower IQ scores, needed
more special academic services, and had a significant-
ly higher rate of failure in school dian odter children.'
We have now evaluated die aeuropsycfaological and
academic performance in young adulthood of 132 of

the original sample of 270 subjects, and we report the
relation of their recent performance to their exposure
to lead, as measured 1 1 years earlier.
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rar regression, with the mean or log-mean dentin lead level as the
main effect, was used to estimate the significance o!' the relation.
Outcomes that were significantly associated with lead exposure in
•hese Di \anate analvses were further evaluated bv multiple resrres-
iion analysis Ten covariates were included in the model. Thev were
the mother s age at the time of the subject's birth, the mother's
educational level, the mother's IQ, family size, socioeconomic sta-
tus ia two-factor Hoilingshead index), sex. age at the time of test-
ing, birth order, alcohol use. and whether the subject and the moth-
er left the hospital together after the subject's birth. The lead
measure t the mean or the log of the meani that produced the best-
hit td model 'highest R-'i is reported. Five of these covanates were
emploved in the first studv of these subjects and shown to be influ-
ential. Five others isex. age at testing, prolonged hospitaiizauon as
a neonate. birth order, and current alcohol usei were added to the
model on the basis of prior knowledge of their effects on psychomet-
ric function. Logistic-regression analysis was used to model the as-
sociation of lead level and two outcomes treated categorically (fail-
ure to graduate from high school and reading disability). In this
analvsis. we controlled for the covahates listed above. Two indica-
tor variables were used to represent the three exposure groups.
Odds ratios and 95 percent confidence intervals, adjusted for covar-
iates. were computed for the high-lead-level group, with the low-
lead-level group used as the reference group.

Table 1. Comparison of Subjects Tested and Not Tested
in 1988.'

RESULTS
Selection Bias

The 132 subjects who were retested in 1988 (Table
11 were not representative of the group of 270 subjects
tested in 1979. The subjects we retested tended to have
slightlv lower dentin lead levels, more highly educated
families of higher socioeconomic status, and mothers
with higher IQs and better obstetrical histories; a
higher proportion of the retested subjects were girls.
In addition, they had had fewer head injuries and had
significantly higher IQ scores and better teachers'
ratings as reported in 1979. The slope of the regres-
sion of childhood IQ on dentin lead level was steep-
er in the group not tested in the follow-up study, al-
though the difference from the slope in the group we
retested was not statistically signifi-
cant iF= 1.82. 1.196df;P-0.18).
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covariates increased the odds ratio to 7.4 (95 percent
confidence interval, 1.4 to 40.8). Higher dentin lead
levels were also associated with lower class rank.
increased absenteeism, lower scores on vocabulary
and grammatical-reasoning tests, significantly slower
finger-tapping speed, longer reaction times, poorer
hand-eye coordination, and lower reading scores. In
subjects with dentin lead levels >20 ppm. the unad-
justed odds ratio for having a reading disability, de-
fined by a score two grades below that expected for the
highest grade completed, was 3.9 (95 percent confi-

I

Academic and Neurobehevtorat
Outcome
Table 2 shows the covariate-ad-

j us ted scores of the 122 subjects
who did not have clinical plum-
bism. according to their dentin lead
concentrations. Table 3 summa-
rizes the results of modeling the re-
lation between early exposure to
lead and outcome by multiple re-
gression. Earlier exposure to lead
was significantly associated with di-
minished academic success. Among
children with dentin lead levels
>20 ppm, as compared with those
whose dentin lead levels were <10
ppm. the unadjusted odds ratio for
failure to graduate from high school
was 4.6 (95 percent confidence in-
terval, 1.2 to 17.4). Adjustment for

Table 2. Outcomes in Young Adulthood According to Dentin Lead Concentration
in CMdhbod.*
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Table 3. Regression of Outcomes m Young Adulthood on Dentin Lead Levels in Childhood.*

OUTCOMt VtUAlia
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dencc interval. 1.5 to 10.5). Adjustment for covahates
increased the odds ratio to 5.8 (95 percent confidence
interval. 1.7 to 19.7). For most outcomes, neither the
size of the lead regression coefficients nor their stand-
ard errors were substantially changed by adjustment
for covariates.

Of the 10 children with clinical plumbism (who
either underwent chelation or were reported to have
had elevated blood lead levels), 3 of 7 (43 percent)
dropped out before graduating from high school (3
others are still in school), and 5 of 10 (50 percent)
have reading disabilities. When the children with
plumbism were grouped with the other subjects ac-
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Figure 1. The Proportion of Subjects Who Did Not Graduate from
High School, Classified According to Their Past Expoaure

to Lead.
Asymptomatic subjects are classified according to
quarttes. Seven of the 10 subject̂ who wereeartter r
hftvo cliniCeM ptufnbmn w sî iown in «i S9p«v«9lit ooluffm. No
school records war* tound tor two subjects. Ont subject wa* not
tested but reported that she had graduated from high school.
(There are therefore 121 subjects represented in this figure.) Ten
subjects (three with reported plumbism and seven asymptomatic
subjects) are stM attending high school and are iterator* not
shown here. The numbers in each column Indicate tie number

who did not graduate and the total number in the category.

cording to quartiles for dentin lead levels, a dose-
response relation was evident for both outcomes i Fig.
I and 2).

Early exposure to lead was not significantly associ-
ated with performance on the symbol-digit or serial-
digit tests, the continuous-performance test, pattern
memory or pattern comparison, switching attention.
the California Verbal Learning Test, the Rey-Oster-
reith figures, the Boston Naming Test, or mood scores.
The lead level was inversely related to the summed
score on the self-report of delinquency questionnaire,
which consisted primarily of reports of minor antiso-
cial behavior.

When subjects were divided into two groups ac-
cording to their dentin lead levels (<10 ppm vs. 3*10
ppm), high dentin lead levels predicted future failure
to graduate from high school with a sensitivity (±SE)
of 0.71 ±0.12 and a specificity of 0.61 ±0.05 (Table 4).

DISCUSSION
In this extended follow-up study, in which the mean

length of follow-up was 11.1 years, we found that the
associations reported earlier between lead and chil-
dren's academic progress and cognitive functioning
persisted into young adulthood. The persistent toxici-
ty of lead was seen to result in significant and serious
impairment of academic success, specifically a seven-
fold increase in failure to graduate from high school,
lower class standing, greater absenteeism, impairment
of reading skills sufficiently extensive to be labeled
reading disability (indicated by scores two grades be-
low the expected scores), and deficits in vocabulary,
fine motor skills, reaction time, and hand-eye coordi-
nation.

A number of issues require consideration when one
is interpreting the data reported here. The first is the
influence of selection bias on the associations we ob-
served. The subjects retested in 1988 had more favor-
able characteristics than those who could not be locat-
ed or who declined to participate. The subjects who
were not retested tended to have had higher lead lev-
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Figure 2. The Proportion of Subjects with Reading Disabilities,
Classified According to Their Pact Exposure to Lead.

Asymptomatic subjects are classified according to lead level
guartiie. and 10 children with a history of clinical plumbiam are
shown separately. Reading disability is defined as indicated by a
reading level two or more grades below the expected level. The
numbers in each column indicate the number with a reading dis-

ability and the total number m the category.

els. lower socioeconomic status, and lower IQ scores
and teachers' ratings of classroom behavior. The in-
verse relation between dentin lead levels and IQ re-
ported in 1979 was stronger for the subjects who were
not retested in 1988 than for those we retested, al-
though the difference did not reach statistical sig-
nificance. This finding is in agreement with the obser-
vation, made by us and others, that children from
families in lower socioeconomic groups are more vul-
nerable to the effects of lead than children from more
favored economic backgrounds.20 We infer that the
estimates made on the basis of the data on the 132
subjects we restudied are likely to be conservative.
Indeed, had all the original subjects been located and
retested. the magnitude of the effect of lead exposure
might have been even greater.

Is the nature of the relation between lead and later
outcome causal, or does it result from confounding by
other variables? The association between lead and
outcome reported here meets six criteria for valid
causal inference: proper temporal sequence, strength
of association, presence of a biologic gradient, non-
spuriousness. consistency, and biologic plausibility.-'

In this study, the exposure to lead preceded the
school failure and the reading disabilities measured.
The strength of the association, as measured by ad-
justed odds ratios of 7.4 and 5.8, was substantial. A
dose—response relation has been demonstrated be-
tween exposure and numerous outcome variables (Ta-
ble 2. Fig. 1 and 2). "Nonspuhousness" indicates that
the association observed is not due to confounding. In
this analvsis, we controlled for both the covariates that
were identified in 1979 as potential confounders and
others we suspected were important. The magnitude
of the effect of lead was reduced only slightly, if
at all. by this procedure. The zero-order correlation
between socioeconomic status and dentin lead levels

in this sample was not great (r = 0.04). Many covar-
iates that were important contributors to performance
in the eariv grades (e.g.. the mother's IQ and the
mother's educational level) had less effect on the
subject's performance in young adulthood. The rr-
sults, moreover, are consistent with those of several
other studies by workers who have reported lead-
associated deficits in reading* "•" and earlv classroom
behavior.24" The lead-related deficits in IQ. speech
and language processing, and attention reported in
1979 provide plausible mechanisms by which lead
could impair performance in class and produce even-
tual failure. Similar effects on learning have been
demonstrated in the experimental studies bv Gilbert
and Rice of subhuman primates. In these investiga-
tions, rhesus monkeys, administered lead onlv in the
first 100 days of life, had impairments in learning
as adolescents. In adolescence, the mean blood lead
level of these monkeys was 0.73 /u.mol per liter (15 M?
per deciliter).

The value accepted as the threshold for lead-engen-
dered neurotoxicity in children has declined steadily
over the past decade as more sophisticated population
studies, with larger samples, better designs, and better
analyses, have been conducted.01' 222426"w When this
study was begun in 1975, the toxic level of lead in the
blood was defined by the Centers for Disease Control
as 2.0 fimol per liter (40 /ug per deciliter). In 1973.
the mean blood lead level in a subsample of 23 chil-
dren chosen from among those with the highest dentin
lead levels in an earlier study was 1.7 /j.mol per liter
(34 fig per deciliter) .3 None of our subjects were symp-
tomatic. That these subjects were exposed to high
doses of lead after the original studv was completed is
unlikely. Lead exposure, the incidence of pica, and
hand-to-mouth behavior diminish after the fifth vear
of life. The low blood lead levels found in these sub-
jects in young adulthood (all <0.034 jimol per liter)
provide convincing evidence that their later exposure
to lead was not excessive.

The consensus on what level of lead is toxic has
changed in recent years. After reviewing the studies
published up to 1987, the Agency for Toxic Sub-
stances and Disease Registry defined the threshold for
neurobehavioral toxicity as 0.5 to 0.7 jumol per liter

Table 4. Sensitivity and Specificity of the Dentin
Lead Level in Childhood as a Predictor of Failure to

Graduate from High School.*
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(10 to 13 Mg per deciliter).' The agencv estimated that
3 to 4 million American children have blood lead lev-
els in excess of 0.7 /zmol per liter. The mean blood
level among our subjects with high tooth lead levels,
estimated in 1979 from a limited lead-screening pro-
gram. \\as 1.6 /Ltmol per liter (34 M<? per deciliter)
i range. 0.87 to 2.6 pmol per liter [18 to 54 Mg per
deciliterjj. For subjects with low tooth lead levels, it
was 1.2 jimol per liter (24 M? per deciliter) (range,
0.58 to 1.7 Atmol per liter [12 to 36 Mg per deciliter)).
Thus, the lead levels in the reference sample used in
the calculation of the odds ratios for one high-lead-
level group were relatively high by contemporary
standards.

The data presented here indicate that exposure to
lead, even in children who remain asymptomatic, may
have an important and enduring effect on the success
in life of such children and that early indicators of lead
burden and behavioral deficit are strong predictors of
poor school outcome. For the small group of 10 sub-
jects who were diagnosed earlier as having plumbism.
the outcome was especially dire: half of these young
people have reading disabilities, and almost half left
high school before graduation. Given the federal esti-
mates that 16 percent of children in the United States
have elevated blood lead levels (>0.7 fimol per liter
[15 Mg per deciliter]), the implications of these find-
ings for attempts to prevent school failure are intrigu-
ing. The practical importance of early detection and
abatement of lead in the environment, before it enters
the bodies of children, is borne out by these long-term
findings in young adults.

We are indebted to Dn. Richard Frank. Coiuuntine Gauoni*.
Alan Mirskv. and Rolf Loeber for their careful review and critique*
of the manuscript and to Ms. Pat Hadidian for her careful work in
finding subjects and reviewing records.
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